Aims Microstructure plays an important role in biological systems. Microstructural features are critical in the interaction between two biological organisms, for example, a microorganism and the surface of a plant. However, isolating the structural effect of the interaction from all other parameters is challenging when working directly with the natural system. Replicating microstructure of leaves was recently shown to be a powerful research tool for studying leaf-environment interaction. However, no such tool exists for roots. Roots present a special challenge because of their delicacy (specifically Plant Soil (2020) 447:157-168 https://doi.
of root hairs) and their 3D structure. We aim at developing such a tool for roots. Methods Biomimetics use synthetic systems to mimic the structure of biological systems, enabling the isolation of structural function. Here we present a method which adapts tools from leaf microstructure replication to roots. We introduce new polymers for this replication. Results We find that Polyurethane methacrylate (PUMA) with fast UV curing gives a reliable replication of the tomato root surface microstructure. We show that our system is compatible with the pathogenic soilborne bacterium Ralstonia solanacearum.
Introduction
The first point of contact in the interaction between plants and their surroundings is the surface of the plant. This interaction is composed of two components: a physical one (due to the surface microstructure) and a chemical/molecular one (due to molecular signals expressed on the surface). When studying plant surface interaction with its environment using the natural plant, it is impossible to separate those two components as they are entangled together within the biological system. An example of this is found in plant roots. Roots are vital to plant health, as they are the plant's source of water and nutrient uptake and provide anchorage in the soil. In addition to these functions, plant roots need a robust immune system, because they must defend themselves against a daily barrage of soil pathogens such as bacteria, fungi and nematodes. These microbes invade the root, multiply, and can ultimately destroy the plant. The soil microbes first point of contact will always be the surface of the root. Although root structure has been studied in the past with great emphasis on the topology and architecture of the root system (Mancuso 2012; Smith and De Smet 2012) the root microstructure has been rarely addressed and mostly in the context of root hairs and their assistance in nutrient absorbance from the soil (Leitner et al. 2010; Marschner 2011) . The unique influence of root microstructure on root-microorganism interaction has never been tested.
Biomimetics is an emerging field at the interface of biological and material sciences. Biomimetics takes inspiration from nature and mimics natural structures in synthetic systems to address human problems (Bhushan 2009 ). Plant structures and surfaces have always been a point of inspiration ). One well known example is the microstructure of the super hydrophobic lotus leaf (Koch et al. 2010; Solga et al. 2007 ). The development of biomimetic artificial super hydrophobic surfaces was motivated by various practical applications, such as anticorrosive, antifogging, oil spill clean-up, oil/water separation, and drag reduction (Liu et al. 2007; Weng et al. 2011; Yang et al. 2012; Yang et al. 2018) . Various methods have been reported to produce artificial super hydrophobic surfaces, including electrodeposition, hydrothermal, sol-gel, soft lithography and others (Lai et al. 2009; Lau et al. 2003; Thieme et al. 2001; Tricinci et al. 2015; Zhao et al. 2007; Zhao et al. 1997) . One of those methods, nanolithography, including photo/chemical/soft lithography, is a quick and easy method for generating surface structure replications (Rogers and Nuzzo 2005) . Among the different techniques, soft lithography has attracted considerable interest given its potential for fabricating a variety of two-and three-dimensional architectures, with materials and surface properties that are biocompatible with multiple applications. Surface microstructural features can be replicated at up to 100-500 nm resolution to create larger uniform patterns (Zhang et al. 2011) . The popularity of soft lithography for replica molding is manifest in the growing number of publications from the end of the twentieth century. The most widely used material for soft lithography is the biocompatible, transparent, cheap, commercially available silicone elastomer polydimethylsiloxane (PDMS) (Mark et al. 2005) . PDMS is widely used in the field of microelectromechanical systems (MEMS) as well as in the fluid flow field, generating microfluidic devices (Anderson et al. 2000; Kleiman et al. 2015; Mata et al. 2005; Schneider et al. 2009 ). PDMS is easy to manipulate and can be formed into multiple shapes mostly using photo/chemical/soft lithography (Rogers and Nuzzo 2005) .
Biomimetics is usually used as a synthetic platform to mimic biological structures for the use of mankind. Additionally, biomimetics has also proven to be a useful research tool to study how microstructure influences microorganism-plant interactions. Using both photo lithography for a mask, to generate specific leaf structural features (such as stomata and trichomes) and soft lithography to replicate the entire leaf microstructure (Dasgupta et al. 2015; Doan and Leveau 2015; Sirinutsomboon et al. 2011) , recent work has demonstrated that different structural features influence the interaction of the leaf with macro organisms such as bed bugs (Szyndler et al. 2013 ) and microorganisms like E. coli (Zhang et al. 2014) . Using this method, leaf trichomes were shown to puncture the legs of bedbugs, and bacteria were shown to prefer specific structural features for colonization. In one study, agar was used in addition to PDMS, showing that the PDMS can accept other additives (Zhang et al. 2014) . Despite advances with leaf surface microstructure, the application of biomimetics to root surfaces has lagged behind. One reason for this may be because certain surface structures such as root hairs are very delicate (usually more delicate than trichomes) and hence are difficult to replicate using PDMS based soft lithography.
In this method paper, we show the first replication of the root surface microstructure, soft lithography. We use tomato (Solanum lycopersicum) as our model system, and emphasize root hairs. Soft lithography is challenging for root surface replication and hence we report our strategy to overcome the difficulties using different materials and our success with one of those materials. We selected three different molding materials: Gelatin-gel, Polydimethylsiloxane (PDMS), and UV curable gel Polyurethane methacrylate (PUMA) (Zhao et al. 1997) . All materials were chosen due to biocompatibility, affordability and easy processability. Unlike PDMS that received extensive exploration in the field of material sciences as a molding material, both gelatin gel (Paretkar et al. 2014; Rogers and Nuzzo 2005) and PUMA (Kerai et al. 2015) received very little attention in the context of lithography and biomimetics. We used these three materials to obtain templates (negatives) with different physical characteristics: templates made by gelatin gel were prepared with high concentrations of plasticizer and were very soft while the PUMA templates formulation showed rigid structure and high mechanical strength. PDMS is a soft elastomer that gave an intermediate platform between the soft Gelatin and the rigid PUMA. We found that the molding material PU-MA mimics the microstructure of the original template in a highly faithful manner. We developed the template using a soft lithography strategy combined with a UVcuring technique (Peng et al. 2013 ). Finally, we prepared the positive replication (using the PUMA moldnegative template) from PDMS, giving the first reported replication of root surface microstructure in a synthetic material. Additionally, we show the feasibility of our method as a tool to study root surface-microorganism interaction. We show that Ralstonia solanacearum (Rs), a soilborne pathogenic bacterium of tomato that colonizes plant roots, is differently distributed on a structured and a non-structured root replica. We believe that these materials might be of interest for the fabrication of biotemplate microstructures of biological components for various applications, including studies of the role of microstructure in root-environment interactions. from Solanum lycopersicum M82 cultivar. Roots were grown in two distinct protocols. In the first option, plants were grown in soil. After four weeks, the plant was removed from soil, the root system was cut, the plant was kept in water for a week and new, adventitious roots grown from the stem, were taken for viewing and replication. In the second process, M82 seeds were germinated on a wet Whatman paper in a petri dish, in a growing room at 25°C. Whatman paper was kept moist for a duration of 7 days, after which the growing roots germinating from the seed were detached from the seed. The section about 0.5 cm from the seed was used for replica generation. 3. Replication protocol: All root replication protocols were based on a previously established leaf surface replication protocol. The protocol for leaf synthetic microstructure replication is described in Scheme 1 and is performed by a technique called soft lithography. The process requires two steps that first involves the molding of a leaf surface by a liquid polymer that later cures to form a mirror image (negative replica) of the leaf surface microstructure. This negative replica goes through a functionalization process to avoid the adhesion of the next layer, as described in point 5 of this section. At this point, an additional molding is performed, this time using the negative replica as the source, to generate the replication (positive replica) of the surface microstructure. 4. Preparation of Gelatin negative replica: Gelatin -gel was prepared from gelatin powder. Gelatin powder was dissolved in distilled water at 10% w/ w and stirred at 60°C for 1 h until complete dispersion of gelatin powder in water. Glycerol was then added at 45% w/w and the solution was stirred for an additional 2 h at 60°C. The solution was then left at 60°C with no stirring for an additional hour to remove air bubbles. This resulted in a homogeneous, transparent solution. The root was put on a petri dish and the solution was applied on top of it and left at room temperature (RT) for 4 h. After a gel was formed, the root was removed by forceps, obtaining a gelatin gel template with root surface microstructure mirror image (negative replica). This negative replica was only visualized via light microscopy. 5. Preparation of PDMS negative replica: Sylgard 184 polymer kit was used. Prepolymer and curing agent were well mixed at a 10/1 w/w ratio of polymer/curing agent and then kept under vacuum for 1 h to remove air bubbles. The natural root was taped to a petri dish and the polymer solution was poured on top of the root. Vacuum was applied for 2 h to assure full coverage of the surface microstructure. The covered root was kept at room temperature overnight. The root was then peeled off the cured polymer, leaving the PDMS template of the root surface microstructure mirror image (negative replica). The negative replica could then be coated with a thin layer of gold for SEM visualization. To avoid attachment of the positive replica onto this negative replica, a functionalization process was performed. A BD-20 AC laboratory CO-RONA treater was used for a few seconds to activate the surface of the negative replica. The negative replica was then immediately placed in a desiccator with 100 μl of Trichloro(1H,1H,2H,2Hperfluorooctyl) silane for 3 h. The negative replica was then wrapped in aluminum foil and kept at RT until further use. We did not observe any time limitation for using this negative replica.
Preparation of Polyurethane negative replica:
For the formation of negative Polyurethane (PU) template we used a solution of diurethane dimethacrylate (Monomer 85% w/w) and ethyl methacrylate (15% w/w) to which we added Diethyl Pathalate (Plasticizer 30% w/w) for flexibility and a photo initiator (2-hydroxy-2methylpropiophenone) for polymerization (2-3% w/w). All components were continuously stirred overnight at RT until a homogeneous solution was obtained. We then applied the homogeneous mixture above a root placed on a microscope slide. The slide was subjected to ultraviolet light (8 watt for 5 min) for polymerization and film formation. The surface of the film was then rinsed with ethanol to remove unreacted monomers. We obtained a transparent polymeric film with a mirror image of root microstructure (negative replica). The polymer template was removed from the slide by scalpel and coated with a thin layer of gold for SEM observation. 7. Preparation of positive replica: After the formation of a negative replica by each material, the negative replica was used to generate the positive replica that mimics the microstructure of the root surface. We placed the negative replica in a petri dish, poured liquid PDMS (10:1, as was described previously), vacuumed (for 2 h) and cured (at RT, overnight). We then removed the negative replica from the newly formed polymer layer to achieve the replication of the root surface microstructure (positive replica). This replica was then coated with a thin gold layer for SEM visualization.
Scheme 1 The process for making the biomimetic leaf replica.
A natural leaf is taped to a petri dish. Liquid Polydimethylsiloxane (PDMS) is poured and vacuum is applied to assure good coverage of the microstructure. Polymer is cured overnight at room temperature. Leaf is then peeled off from the cured polymer to generate the negative replica. The negative replica is functionalized to turn the polymer hydrophilic, and prevent sticking of the two layers. The negative replica is then placed in a petri dish. Liquid polymer solution is poured on top of the negative replica, vacuumed for 2 h and cured at RT overnight. The negative replica is removed from the newly formed polymer layer, which represents the synthetic positive replica 8. Preparation of a needle replica: As one of the controls, we prepared a replication of a needle in a similar diameter to that of the root. Since the needle surface is flat, we used PDMS as our molding material for both negative and positive replica. Preparation of the needle replica repeated steps 4 (preparation of PDMS negative replica) and 6 (preparation of positive replica) in this section only using a needle, rather than a root, as the template. 9. Root fixation: Roots were fixed using an increasing ethanol concentration, in a standard protocol for root visualization. Roots were placed in a solution of 70% ethanol (in water) overnight. Solution was then replaced to 80%, 90% and 100% of ethanol with incubation time of 1 h each. Solution was then changed again to a fresh 100% ethanol solution, in which the root was incubated overnight. Then, the root was dried on K850 critical point drier and coated with gold-palladium alloy in Q150T ES turbo-pumped sputter coater, following manufacturers' instructions (Quorum Technologies Ltd., UK). 10. Visualization of root and replica: Visualization of both root and replica were performed on both a wide field microscope and a Scanning Electron Microscopy (SEM). For SEM observation, the root was first fixed as described above. The replicas were coated with a thin gold layer as a preparation for SEM visualization. Wide field images were taken using Leica DM LB microscope using bright field with a Nikon DS-Fi1 camera. SEM images were taken using Jeol IT100 (Japan) 20KV WD10. 11. Rs work: Ralstonia solanacearum strain K60 was grown on casamino acid-peptone-glucose (CPG) agar with 2% 2,3,5-triphenyl tetrazolium chloride (TZC) at 28°C for 48 h. CPG + TZC agar is commonly used for Rs growth. A single colony was selected from the agar and placed into CPG broth with 2% TZC and allowed to grow overnight to an optical density at 600 nm = 0.1 (1 × 10 8 CFU/ ml). This level of inoculum was chosen because it is commonly used in experiments which assess Rs -root colonization and resistance of soil-grown tomatoes to Rs (Caldwell et al. 2017; French et al. 2018) . To 'inoculate' the synthetic surfaces, the needle replica and root replica were placed in CPG broth containing Rs at 10 8 CFU/ml and placed on an orbital shaker in a 28°C incubator overnight. In the morning the replicas were transferred to a 12 well plate and the inoculum was replaced. Inoculum was replaced to prevent toxic effects associated with bacterial overgrowth. As preparation for SEM, that evening the inoculum was removed from the wells and replaced with 100% ethanol by gently pipetting it into the well away from the replicas. After five minutes the ethanol was removed and the replicas were transferred to a 25 mm nickel stub. The surface of the stub was lined with carbon conductive adhesive tape upon which the replicas were placed. The stub was then placed in a closed box and placed in a 37°C incubator overnight to dry. Samples were sputter coated for 90 s in a Cressington 208 HR sputter coater with platinum to a thickness of 5 nm. Samples were imaged on a NovaNano SEM 200 by FEI with a spot size of 3.0, working distance of 4.9 mm and a high voltage of 5.00 kV.
Results
The synthetic surface replication of leaf microstructural features has proven to be a very useful tool for studying the interaction between leaves and microorganisms, as it enabled isolation of structural elements in the interaction. We hypothesized that synthetic surface replicas would also benefit studies of root-environment interactions. Our goal was to mimic the microstructure of the root epidermis (the root surface) and use this mimic as a tool to study the effect of structural features on the interactions of the root surface and its environment, both living and inanimate. As a first step it was important to observe the microstructure we were aiming to mimicthe root surface microstructure. To achieve this, we visualized two different types of roots by Scanning Electron Microscopy (SEM). We used adventitious roots growing from the stem of 2 week old plants after the removal of a root system (as described in the methods) as well as 7 day old roots germinating from a seed (as described in the methods). Both roots were taken from the M82 tomato cultivar. We observed different structures in both root types (Fig. 1) . The adventitious root was mostly lacking hairs ( Fig. 1A) , while the seed germinated root had hairs at different densities and different length based on the location (Fig. 1B) . This result was somewhat expected as, like other plants, primary roots of tomato are known to have a high density of root hairs (which might aid in penetration and nutrient and water initial uptake) (Tsai et al. 2004) . In contrast, adventitious roots in other species have a varied amount of root hairs and some are claimed to not have any root hairs at all (Cormack 1949; Popham and Henry 1955) . The cell structure also varied between the two root types and the locations at which the images were taken.
Our initial approach for mimicking the root surface structure was to copy the protocol that has been well established in the field of leaf surface synthetic microstructure replication (biomimetics) (Koch et al. 2009 ;materials and methods).
To establish a protocol for root surface structure replication we adjusted some of the parameters in the leaf surface structure replication protocol. The replication of the root surface structure was significantly more challenging than that of the leaf. Roots are curved and much more delicate than leaves, especially the root hairs. Taping the root to the petri dish was challenging. In addition it was challenging to avoid shrinkage and destruction of the biological tissue. We varied vacuum times and temperatures, tried different taping methods and different root pre-treatments, including fixing the root prior to the replication process. To obtain an optimal protocol in which the structure most similar to root surface microstructure was achieved, we examined the resulting replicas using SEM. The best results were obtained using the protocol described in the methods section. The results for this replication are shown in Fig. 2 . However, unlike the replication process for leaf surface microstructure, we found that this replication process is far from perfect and we cannot replicate some important structural features, specifically the root hairs.
Due to the problems we encountered in replicating the root surface microstructure using the same materials and techniques used for leaf surface microstructure replication, we looked for different routes. Since we saw that after the preparation of the negative replica, using PDMS, the root we used as a template was dried out and the hairs were torn, we speculated that the main challenge was working with the delicate biological tissue, i.e. the root and preventing its complete destruction. For the preparation of the negative replica, we decided to use different materials that would prevent the destruction of the root and prevent the hairs from being torn. Our materials of choice are described in Scheme 2, which describes the whole process starting from the negative replica made from the biological tissue to the positive replica made from the negative one. As PDMS is a soft elastomer, we decided to proceed trying two opposite approaches. The first, using a much softer, biocompatible material based on an aqueous (gel) solution, in the hopes that the root will not be dried out in this environment during the negative replication. We also hypothesized that the removal of the root from a softer negative replica would be gentler and hence preserve root hair structure. For this option we chose the material gelatin with glycerol as a plasticizer (Scheme 2). The second option used a much tougher material that is a viscous liquid and enables a liquid environment. We hypothesized that the root would not dry out during the preparation and that the curing process would be sufficiently fast for a good replication of the root surface structure. Additionally, we hypothesized that the tough material might enable better removal of the root and would assist in avoiding root hair breakage, which might damage the replication if the hairs stay in the synthetic material. The material of choice for this option was polyurethane modified with methacrylate at the edges -Polyurethane (methyl acrylate) (PUMA) (Scheme 2).
Using our softer material (Gelatin) we prepared the negative replica as described in the materials and methods section. Since the negative replica was made of Gelatin, which has a high concentration of water, it was impossible to take a SEM image of this negative replica without completely destroying it. Such an image will not give a reliable representation of the replica. Hence, a light microscopy image of this negative replica was taken (Fig. 3A) . This turned out to be very challenging since the replica was very soft and flexible, preventing good focus. Therefore, the best option to check the reliability of our replication was to further proceed to the positive replication made of PDMS using the Gelatin negative replication as our mold. Those positive replicates were then viewed using SEM ( Fig. 3B and C) . We found that, as suspected from the light microscope images, the gelatin is a poor platform for this type of replication. We could not replicate the root hairs nor could we replicate any of the surface features of the root. In fact, the gelatin performed even more poorly than the PDMS (Fig. 3) . While we thought this formulation would ease the separation between the negative replica and the root, we found that the separation was incomplete, probably due to the stickiness of the Gelatin. In fact, when removing the root from the Gelatin based negative replica, we sometimes witnessed residues of the Gelatin matrix on the removed root. Many times, those residues were not detected by the naked eye, and were only seen using a microscope. We suspect that this unclean separation prevented the replication of the surface microstructure by the Gelatin negative replica and caused a destruction of the microstructure as represented by this negative replica. The separation between the PDMS positive replica and the gelatin negative replica was of a significantly higher quality and hence this stage probably does not represent the failing point. In an attempt to optimize this process, we used different amounts of the plasticizer, glycerol, for the preparation of the Gelatin solutions, from 0, 10, 20 and 30% and up to the 45% reported here. The less plasticizer we used the less soft the material was, surprisingly, addition of plasticizer did not contribute much to the flexibility of the material. In all plasticizer concentrations, and varying softness degrees, the separation between the Gelatin and the root was unclean. Hence, we attribute this to a characteristic of the Gelatin itself and not to the softness of the formed gel. Possibly, there is an interaction between the gelatin and the root that prevents clean separation.
We then moved to the more rigid polymer: Polyurethane methacrylate (PUMA). We prepared a negative replica from PUMA as described in the materials and methods section, using the great advantage of fast (10 min) curing under UV light. The strength of the polymer made the separation between the polymer and the replica challenging, as we needed to capture the root and gently remove it from the replica without tearing it. Unlike the case with the Gelatin replica, the separation between the root and the PUMA replica left no visible residues of root in the replica, or polymer on root. This enabled us to remove the whole root with the root hairs attached, leaving behind a perfect replication (Fig. 4A ). We used this negative replica to generate positive replicas using PDMS as before. In the replica made from roots germinated from seeds on Whatman paper, where root hairs were present, we managed to replicate the root hairs in our PDMS replica (Fig. 4B ). In the replica made from the adventitious roots, where root hairs were missing, the replica reproduced the cell structure on the surface of the root at a very high resolution (Fig. 4C) . It is very hard to quantitatively compare the natural root and the replica. As this study was aimed at presenting our ability to replicate the general known root features (specifically root hairs), we made sure we can see those general features (cell structure and root hairs) with no quantitative analysis between identical roots. The results obtained using this replication method show that a replication of root surface microstructure using a revised soft lithography method is possible. Hence this method can be used as a tool to examine the effect of surface microstructure in root-environment interaction.
For successful studies of structure function, exact structural replication is necessary yet not sufficient. It is critical that we also evaluate whether the synthetic platform can be used as a tool to study interactions between the root and its environment. To do that we chose Ralstonia solanacearum (Rs) as a model. Tomato is highly susceptible to this soilborne bacterial pathogen (Nion and Toyota 2015; Kim et al. 2016) , which is the causal agent of bacterial wilt disease. To cause disease, soilborne bacterial pathogens like Rs must first attach to the root surface. Root attachment is critical for disease, and Rs mutants that cannot attach to the root surface have decreased virulence (Kang et al. 2002; Yang et al. 2013; Dalsing and Allen 2014) . After root attachment, Rs enters the root through minor wounds or cracks in the root surface that occur as the root grows through soil and Scheme 2 Schematic diagram for the preparation of positive replicas of M82 tomato root made from three different molding materials. We prepared the solutions as described in the materials and methods section. The three solutions (Gelatin, PDMS and PUMA), were cured to form a negative replica of the root surface structure. Gelatin solution was prepared using heat (top left of image shows gelatin structure). PUMA solution was cured using UV light (PUMA structure is shown in image bottom left). The negative templates were obtained by direct casting of the prepared solution on the root surface. The obtained negative template was covered with PDMS solution followed by vacuum and curing at room temperature to form the positive replica. All positive replicas were made from PDMS, the structure of which is shown in the image top when lateral roots emerge from the root. Once inside the root, the pathogen eventually enters the root vasculature where it further multiplies. Mechanisms of resistance to Rs in crop species are not well understood, and whether structural features on the root surface play a role in tomato resistance to Rs is unknown. To test the feasibility of our synthetic system to aid in understanding the attachment of Rs to root surface structures, we inoculated synthetic PDMS surfaces with Rs. The surfaces were dipped in a 10 8 CFU/ml solution of bacteria, dried, fixed and viewed using SEM. The inoculation was performed on two types of surfaces: a structureless surface which used a needle as the mold for replication ( Fig. 5, D-F) , and a structured surface which replicates a root ( Fig. 5  A-C) . The bacteria show a distinct pattern of colonization on the two chemically identical but structurally different surfaces (Fig. 5) . We can see that while the distribution of bacteria on the structureless surface looks random, the distribution on the structured surface shows preference to micro-valleys of the root surface topography. This result shows that our system might aid in explaining root-microorganism interaction from a strictly structural perspective.
Discussion
The interface between biology and material sciences has great potential to enrich material science and engineering as well as our understanding of natural biological systems. Surface microstructure greatly influences a microorganism's behavior (Bhattacharjee et al. 2017; Bixler and Bhushman 2012; Gule et al. 2016) . Exploring the influence of surface microstructure in the context of a biological system could shed new light on interactions between the biological surface and the microorganism. In previous studies of interactions between biological surfaces and microorganisms, the structural role has been mostly absent (Diem 1974; Lindsey and Pugh 1976) . This is understandable since this role is difficult to separate from all other chemical and molecular mechanisms governing this interaction. When synthetic systems were used to isolate the role of leaf surface microstructure in leaf-microorganism interaction, new mechanisms of behavior were observed (Doan and Leveau 2015; Sirinutsomboon et al. 2011) .
Transferring such a synthetic system to roots to study the effect of root surface microstructure in root environment interactions is challenging due to root-specific properties such as delicacy and curvature. Previous studies replicated a root cross section, with emphasis on the hierarchical structure of the cross section, with nanometer resolution, to generate a porous membrane (Van Opdenbosch et al. 2011; Yongjum et al. 2016) . In those studies the original tissue was hydrolyzed from silicon or a similar material based coating from to generate a thin membrane that mimicked the hierarchical structure of a root cross section. However, no such work was performed on the root surface microstructure.
Here we used biomimetics to replicate root surface microstructure, but another way of examining the effect of root surface microstructure is through 3D printing technology. 3D printing allows a range of materials and resolutions previously unobtained (Ngo et al. 2018 ). However, using 3D printing to accurately replicate root microstructure requires specialized tools such as microCT, which can be challenging. Additionally, both microCT and high-resolution 3D printers are expensive machines that are not always available to researchers.
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